Single-bounce ellipsoidal and paraboloidal glass capillary focusing optics have been fabricated for use as condenser lenses for both synchrotron and tabletop x-ray microscopes in the x-ray energy range of 2:5-18 keV. The condenser numerical apertures (NAs) of these devices are designed to match the NA of x-ray zone plate objectives, which gives them a great advantage over zone plate condensers in laboratory microscopes. The fabricated condensers have slope errors as low as 20 μrad rms. These capillaries provide a uniform hollow-cone illumination with almost full focusing efficiency, which is much higher than what is available with zone plate condensers. Sub-50 nm resolution at 8 keV x-ray energy was achieved by utilizing this high-efficiency condenser in a laboratory microscope based on a rotating anode generator.
Introduction
Full field x-ray microscopes were developed over the past 35 years, first by the Goettingen group [1] and later by the Center for X-ray Optics in Berkeley [2] . Microscopes of this type are rapidly gaining popularity with instruments operating at both synchrotron light sources [3, 4] and in home laboratories using portable sources [5, 6] . These instruments offer spatial resolution in the 15-50 nm range, intermediate between visible light and electron microscopes. They are especially useful in the study of internal structures of objects too thick for electron microscopy.
Full field x-ray microscopes are conveniently adapted for three-dimensional computed tomography due to the large depth of focus of the x-ray lenses. New major facilities with such capabilities are coming on line at the Advanced Light Source [7] , the Advanced Photon Source [8] , BESSY II [9] , SSRL [10] , and elsewhere. All transmission x-ray microscopes use a condenser to refocus the x rays and to provide the necessary illumination of the specimen. Ideally the numerical aperture (NA), range of illumination angles, of the condenser should match or slightly exceed the NA of the microscope objective lens for best resolution and performance. Traditionally the condenser optic has been a zone plate of a large diameter with tens of thousands of zones [11] or a multilayer mirror in those wavelength regions where such optics could be fabricated with acceptable efficiency [12] . Both types of condenser have limited bandwidth, which can be useful in applications where they are used for wavelength selection to isolate a specific x-ray emission line of a laboratory x-ray source, but are a disadvantage when imaging at multiple wavelengths is desired as is the case in synchrotron installations. In addition zone plate condensers tend to be fragile and both types suffer from low efficiency. Recently a reflective condenser made from grazing incidence mirrors in a Kirkpatrick-Baez arrangement has also been used [13] . While useful for absorption contrast imaging, this approach generally produces inferior images owing to the asymmetric illumination of the specimen and furthermore is not suitable for Zernike phase contrast imaging [14] , where the range of illu-0003-6935/08/132376-06$15.00/0 © 2008 Optical Society of America mination angles needs to be well defined to match the phase plate in the back focal plane of the objective lens.
As the NA and resolution of objectives (zone plates) improved due to progress in nanofabrication technology, condensers have not been able to keep pace because it is prohibitively difficult to make condenser lenses with the same specifications and quality because of their large size. This leads to an increasing mismatch of the NA of the condenser and the highresolution objective zone plate. Especially in laboratory microscopes where the condenser is typically used for 1∶1 imaging of a source, the requirement for matching the NA of the condenser to the objective has not been satisfied. As shown in Fig. 1 , a condenser in this geometry needs to have twice the focusing power (and NA) to match the objective compared with one using a source far away (quasi-parallel light on the input side of the condenser) as is the case in most synchrotron applications. Even if condenser zone plates of such large NA could be made, they would have such large zone numbers that they would require a highly restricted bandwidth of illumination to perform to specification.
We report on the development of an alternate type of condenser based on monolithic glass capillaries. The x rays are reflected off the internal surface of the capillary, which is shaped into an appropriate ellipsoidal or paraboloidal shape. These optical elements are achromatic, rugged, and are limited in NA only by the critical angle for grazing incidence.
Capillaries have been used to focus x rays for some time, especially for creating microprobes [15] [16] [17] [18] [19] . That an ellipsoidal figure provides the best singlebounce focusing has been widely known since ancient times and has been applied to x-ray optics starting with the work of Kirkpatrick and Baez [20] . X rays originating at one focal point of the ellipsoid are reflected to the other focus. Ellipsoids nevertheless suffer from severe off-axis aberrations in that radiation from offaxis points is not brought to a point focus since the magnification varies depending on where the reflection takes place (Abbe criterion). Therefore ellipsoidal mirrors are not well suited for imaging applications, but they have desirable properties for x-ray condensers because of their axial symmetry, high NA, and high reflectivity. The defocus of off-axis radiation is of no importance for a condenser lens as long as the source is suitably small and the distribution of illumination angles is uniform over the sample area. In contrast to zone plates, mirrors are achromatic and therefore do not function as a monochromator as in the case of zone plate condensers. This fact is very advantageous at synchrotron sources where spectroscopic imaging can be performed without the need of refocusing the condenser onto the sample when changing x-ray energy. Furthermore the bandwidth acceptance of the optical system can be chosen independently of the condenser.
Wolter [21] derived the conditions for accurate imaging of a finite field. He showed that this requires two different quadratic surfaces in series, and efforts to build such optics have also been reported in the literature [22] . For use as a condenser in the x-ray microscope, the single ellipsoid is sufficient in practice, and most of our effort has been focused on the development of this optical element. Efforts to extend this to the double-reflection Wolter mirror arrangement are under way and will be reported in a future publication.
Methods
The desired figure and length of the reflecting inner surface of the ellipsoidal capillary condenser is determined by the desired range of illumination angles on the output side and the distance between the x-ray source and the sample position (focus). To image the x-ray source with an ellipsoidal reflector, the source and the focus must be located at the two focal points of the generating ellipse. For the typical x-ray application, the major axis of the generating ellipse is slightly larger than the distance between source and focus. The combination of restricting the active reflection surface along the optical axis and the selection of the range of illumination angles on the output side subsequently fixes the minor axis of the generating ellipse.
Figure 1(b) shows an illustration of the parameters involved. Typically for laboratory x-ray sources, the active length of the condenser is chosen to be symmetric around the center of the ellipsoid, which corresponds to a 1∶1 imaging geometry. For highly Fig. 1. (a) Zone plate used as a condenser in a 1∶1 configuration for the laboratory x-ray source. The NA of the condenser zone plate is twice the NA of the objective zone plate since the angular deviation at the condenser is twice the angular deviation at the objective. f 1 is the focal length of the condenser zone plate, f 2 and θ are the focal length and the NA of the objective zone plate, and S is the x-ray source. For large magnification the image is far away from the objective zone plate. (b) Capillary ellipsoid [semimajor axis (a) and semiminor axis (b)] used as a condenser for the laboratory x-ray source. The sample to be imaged is placed at the image of the source. collimated x-ray beams such as at synchrotron sources, highly demagnifying geometries are common where the active length of the condenser is closer to the focus. In these cases the surface of the ellipsoid is close to a paraboloid, which would correspond to a source at infinity.
Imperfections in the fabrication process of the ellipsoidal surfaces manifest themselves in figure errors that give rise to a blurring in the focal plane. In general it is acceptable for an x-ray condenser to have an rms blur that is of the same order as the field of view (FOV) of the objective lens as long as the distribution of illumination angles is uniform. This can be achieved by using a larger spot x-ray source for laboratory microscopes or by using a condenser scanner for synchrotron microscopes. Stateof-the-art x-ray microscopes operate with a FOV of ∼15 μm in high magnification mode. The main source of figure error of the ellipsoid is the local slope error of the reflective surface, which is measured in μrad rms. Rays undergoing a reflection on the ellipsoid surface suffer from an angular error that is twice the local slope error as shown in Fig. 2 . This relates to the blur in the focal plane by the distance from the reflection to the focal plane along the optical axis. For example, for a typical condenser for hard x rays with a nominal focal length of 150 mm, a 15 μm rms blur at the focus requires the slope error to be <50 μrad rms.
Glass capillaries with smooth inner surfaces can be drawn with a variety of fixed inner and outer diameters. The surface roughness of these capillaries is remarkably low, 0:2-0:5 nm [23] , so they can be used without any processing to polish the inner surface of the capillaries. This is fortunate since it is difficult to imagine how one could polish the inside surface of a long, small diameter capillary. Nonuniformity in the diameter and straightness of the capillaries, which is present most of the time, must be corrected in the process of manufacture of the ellipsoidal surface figure.
The shape of the inside wall of the capillary (surface figure) can be controlled by local heating of the glass in a furnace to the softening point [24] . The feed rate of the capillary through the oven is varied continuously to yield a certain shape. Subsequent measurement of the shape is fed back into the process and iteratively the resulting shape converges toward the final design.
The precise measurement of the produced figures is critical in condenser fabrication. It indicates the shaping accuracy and the final slope errors of the capillary. The surface figure is measured optically both during the fabrication process and with higher precision off line. The measurement is conducted using visible light imaging optics coupled to a CCD detector that records the diameter and center position of the capillary as it is moved along its axis by a computer controlled linear stage. This is different from the method used by Huang and Bilderback [24] in which the inner diameter is inferred from tube stretching and the outer profile of the tube. With optimized process parameters, capillary condensers with a nearly perfect ellipsoidal or paraboloidal figure can be produced.
An x-ray test is the most direct and convincing method to evaluate the quality of the condensers. X-ray reflectivity is very sensitive to surface smoothness, and the reflected beam provides information from the whole inner surface in a more powerful way than the optical test. We use a laboratory x-ray source with a small x-ray spot size (7 μm) for the x-ray test. For short focal length (<50 cm) ellipsoidal condenser measurement, the source is positioned at one focus and the camera is scanned near the other focal point to find the smallest focal spot size.
The reflected beam is also examined downstream of the end of the condenser to clearly observe the slope error and observe the far-field intensity distribution for uniformity. To test paraboloidal condensers or ellipsoidal condensers with long focal lengths in the laboratory, a reverse geometry is employed where the x-ray source is positioned at the focus and the reflected beam is examined in the far-field of the condenser. The pattern of the reflected beam should be a uniform ring if the condenser is free of defects. The final test is the measurement of performance of the condenser in the x-ray microscope in the "as designed" configuration. We have obtained good agreement between our measurements in the laboratory and the actual performance in x-ray microscopes.
Results and Discussion
The quality of condensers was evaluated first by optical measurement. The diameter and straightness (center line of condenser) were chosen as the representative parameters because they can be easily fed back to the fabrication process. The slope errors from these two sources are comparable, and we invested considerable effort to minimize them. Figure 3 shows the optical test result for one of the fabricated condensers. In Fig. 3(a) we present the design figure (solid line) versus the measured data (dotted line). We can see that the measured data are very close to the design. To see the difference more clearly, the absolute difference is shown in Fig. 3(b) . An error of <0:4 μm was obtained with the exception of the end points, which are beyond the designed length and are removed before real use. Figure 3(c) is the measured straightness of the condenser, a de- Fig. 2 . Condenser local slope errors leading to blurring of the focal spot. The angular error of the reflected beam is twice the condenser local slope error α. The focal spot size δ ¼ 2Lα, where L is the distance from spot P to the focal point, S is the x-ray source, and F is the image of the source. [24, 25] . The total slope error can be estimated from the condenser diameter and straightness data. The histogram of the slope error is shown in Fig. 3(d) . By fitting the histogram with a Gaussian function, a FWHM of 33 μrad was obtained, which corresponds to 14 μrad rms.
Before the x-ray test the fabricated condensers were cut to the designed length and placed in the proper position. Figure 4 shows the x-ray test results. Figure 4 (a) was measured with a laboratory x-ray source in a reversed configuration, so the pattern is a ring. The ring is round and has a uniform width and intensity as shown in Fig. 4(b) , which suggests that the condenser has a small slope error. This is consistent with our optical measurement on diameter and straightness. For the focal spot size measurement, a synchrotron x-ray source is ideal owing to its highly collimated beam and extremely small focus size (for perfect focusing optic). Figure 4(c) is the image of a condenser's focal spot measured with a microfocus laboratory source (∼7 μm). The line plot of the intensity profile is shown in Fig. 4(d) . A FWHM spot size of 9 μm was obtained, which is quantitatively consistent with our optical measurement when taking into account the condenser's working distance (from the end of the condenser to the focal spot).
In addition to the focal spot size, the x-ray collection efficiency is another important parameter to characterize the performance of the condenser. It is the ratio of all the reflected x-ray photons to the total incident photons intercepted by the ellipsoid. The reflection efficiency is affected by the condenser surface smoothness, the x-ray grazing angle, and the x-ray critical angle of the surface materials. Reflection efficiency was measured on several condensers using 8 keV x rays. An efficiency exceeding 80% was obtained. By taking into account the grazing angle of the condenser, this figure is slightly lower than what would be expected for the perfect surface. One possible rea- son for the discrepancy is that the glass surface is not perfectly smooth and that drawn capillaries typically have some minor defects. Up to 95% reflectivity has been reported on glass capillary condensers [19] , so there is still room to improve the surface smoothness by optimizing the condenser fabrication conditions and using better raw tubes.
As an example of the use of a capillary as condenser in x-ray microscopy, Fig. 5 shows the x-ray transmission image of a test pattern in a microscope using a microfocus laboratory x-ray source generating 2:7 keV x rays and a capillary condenser [26] . This x-ray microscope system has a resolution of better than 50 nm.
Conclusions and Outlook
We have demonstrated that high-quality glass capillary condensers can be fabricated for x-ray microscopes. These condensers have been used successfully in both tabletop and synchrotron x-ray microscopes. They are efficient, rugged, easy to align, and achromatic, clearly superior to zone plate condensers. The improvement in condenser quality can be attributed to our high-precision optical measurement system and well-controlled shaping process. These capillary condensers can also be used in other fields such as condensers for microfocus x-ray sources, x-ray diffraction, Laue diffraction, x-ray fluorescence, and small angle scattering. with an x-ray microscope using a microfocus laboratory x-ray source producing 2:7 keV x rays and an elliptically shaped capillary as the x-ray condenser.
Looking beyond the use of capillary optics as condensers, one can also consider their use as imaging optics. Wolter-type condensers do not have intrinsic aberrations, and they can be used as magnifying objectives for x-ray microscopes. Since Wolter mirrors employ two reflections instead of one, the requirements on slope errors are increased compared to single-bounce elliptical capillaries. With continued effort the goal is to employ Wolter mirror capillary lenses for x-ray microscopy as both the condenser lens and the objective lens, especially for lower resolution and high-throughput applications. The achromatic nature of the Wolter mirror x-ray microscope allows the use of wide bandwidth illumination or complete energy tunability without refocusing.
